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AB STRACT r

1 .,urlt~g techniqu s for extendinju1.e trfc-cons tant

;:Ed " u.!:,.urements to liquid-nitrogen temperature oa 10 1-9z,

'o .'OG at .00 ,z, and to 1600°C at 90 GHz are disc~issed.

HiI,-tempErature measurements on spinel and sapphire are in-

ch Iud in the dielectric data accumulated during this contract.

o,;ra.s in Fortran IV are given for the general standing-

wjve wL~thod calculat!ons and for covered high-lnss samples

o0e-quIarter wavelength from th.- end of hollow waveguide,
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I. .ti~jc of precision lou-frequency bridge. 2

IX. Ptoraphs~ of bridge switch.

3. Photogr-phis of bridge extension: (a) for above 3

amibient; (b) for below ambieat.

. tReenitrant cavity: (a) cross section; (b) photograph;

(z) S)ymnetry plane; (d) equivalent circuit of

reentrax-^ caity.

5. Equipment f.r measurement of Q of reentrant cavity. 6

6. Higit-temperature pressure welding of resonant cavity; 6

(L) foil formed on mandrel, two are made. Faces are

t:elded by hcA-pressing; (b) welding of flanges by

hot-,ressing uith samiple inside; (c) finished dielectric-

filled cavity; (d) cavity in graphite container as

used during measurements.



INTRODUCTION

ýn the firnt -ection of this report extensions of measurement technir-aes

developed since March 31, 1970, are described. These include a method for usirg

tht:. dielectric-filled cavity technique with soft materials, ctails of design for

a 100 YA!z reentrant cavity, and the use of a light pipe for 3-mm measuremet.ts.

Tiie next section discusse.i programaing for dielectric calculations. The final

section lists measurement data on materials ar.d is supplementary to AFIfL-TR-70-L38.

MEASUREIM-NT INSTRUMENTATION AND TECHNIQUES

Low-Freqnuency Bridge

Acquisition of a General Radio Type 1620-AP capacitance measuring assembly

has allowed us to recalibrate the precision capacitor used in our two-terminal

bridge for high-temperature measurements. The basic accuracy of 0.01% assures

that capacitance measurement errors on solid samples will be negligible in compari-

son to thickness measurement errors.

Experience in measuring small (<2 pf) high-loss, three-terminal ramples has

indicated the need for more precise measurements than can be obtained wit' any

known direct-reading bridge. For example, the accuracy in measuring a I-pf,

l-megohm sample at 100 cycles is limited as follows:

The GR 1615 can be balanced on.L with M 1 10 or greater which limit capaci-

tance resolution to 0.01 pf (1%). In addition, Lapacitance of the conductauce 'G)

network causes an unspecified error.

On the GR 161 6 , the capacitance resolution is not a significant error, but

the specified possible error due to the capacitance of the G network is 0.03 pf (3%).
On our present laboratory bridges 1)and the Cole-Gross bridge2) errors due

to the capacitance of the G network ,can be made small only by a sacrifice in sensi-

tivity by increased loading of tbe detector terminals.

The Harris bridge avoids thic above problems by using a two-phase source but

the practical limit of air capacitors in the G phase is about 1000 pf, corresponding

to a sample rcsistance of 1.6 megohms -winimum, at 100 cycles (if fuý2. voltage is

applied to the sample), 3)

A new bridge is under construction which should provide routine operition

with capacitance err'Jrs due to the G network of 0.601 pf and provides an aljust-

ment to reduce the error toward zere for any sample with extra bridge bala,.ýces.

The bridge shown schematically in Fig. 1 is designcd for use in the frequency

range 0.5 Hz (with I volt) to I kliz. S:lx digit resolution in C is provided by 2

Work described in th-s e,;Lctlon was jointly sponsored by ONR (Contract N000.4-

61A-0204-0003).
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Fig, 1. Schematic of precision low-frequency bridge.

standard capacitors and 1000-turn transformer winding tapped at each turn. Six

digit resolution In C is provided by using 100 turns of th2 transformer plus a

100-turn divider transfornmer plus a resistance potentiometer. These controls are

duplicated with a symimetrical construction in the sample side of the bridge; here

capacitor!; are adjusted to balance out the capacitance of the opposite conductivity

network. As:;-unIng that the r-ansformer and C networks are ideal, successive

bIa1a•c•-:; :,ade using phase-sensitive detectors and a series of samples with in-

cr,.a:; Io,;! ý,;hould lhad to a properly compensated C neýtwork. In Fig. 2, the



Fig. 2. Photographs of bridge switch.

con-tructioa of the 1e00 point, 2-circuit capacitance switch is show7n in nresent

,r::atiu. Cxn.,c firgers not shown will mount on the rotating cage and will contact

in L -:olc Iru:. The holes for these pins are shown in a spiral pattern,

10 tun.s, !(20 soits p-r rc-volution.

.'tflnjsio for iTwo-Te--ininal Bridge

A bcuic 1 obltt u-eLytj in

,3 iv,-, our tjo6-terLii-xal wide-ra[ge

_Drid-e4 fIor both hot and i.old

temp.ratarcj, Vor high temper-

atures the Coaxia! line con-

nectiug the :-azmple to the bridge (a)

should go upward fro,-. the bridge

to avoWd heat Lr :ifcr by convec-

tion ro •he br;d,-_• ;r cold te0-

peraturc t:h2 g;:pli chould be

below th! bricge. Ir ,,tcparate

sample holders are uszd for the

LO tuc-pci to-t rc ,iozil, the

,1 n;c, b c at. ,fv.rrtd with

aa±d too ý pa-Ltc! calibratio;is (b)

of u::c h&cur cxJcitance

L : Ii, %.', 11h V t ru L7~.~

u.-Lt:--L1c.,a iil ý Ai i* 5Q-ýl Joint Wn

,., -_i''o,•tz linu, .... shown Ln

-' o.. tr Ie rub'.:

Fig. 3. Photographs of bridge etension:,• .d "r •:•: :,.•'r•o,:c::o•.(a) for above ,ambient; (b) for below,

ambient.
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i1L jtflr co.•!ucor •jizu is 7/8 inch. These large conductors, combined N.,ith clo~c

[jroxiluity of s. 1tco •ud sample, result in nominal line loss correction of 0.0002

in Lan 6 at 1U •-z.

tŽe!;ontant C.Vfttv Iofr 00 W z

As indicated ir a previous report, 5) a high-temperature measuring system at
100 iMz voul(r be a desirable addition in the temperature-*equency plot of this

laboratory's capabiiities. A doubly-reentrant cavity (Fig. 4a) offers the possi-

bility of rc;1gooa" ly accurate loss measurements tr 20000C. Direct measurement of

absolute value of K' might not be accurate (becau•;e of expansion effects in the

cavity), but coztparisons between materials should be satisfactory. The equivalent

lumped circuit of the cavity is visualized by cutting the outer conductor on tFe

center plane. The shorted coaxial line sections at each end are less than X/4

long; at cne frequency their equivalent is a lumped inductor (Fig. 4d). The

center capacitor is divided into two sections by the center plane; each capacitor

has the value 2C. Resonance obviously occurs when 2w2 LC - 1 in the equivalent

series circuit whet, the outer cerductor is reconnected, Calculations of theoretical

losses for an empty cavity show the losses separated into 4 parts:

1. Resistance of outer conductor of coaxial line.

2. Resistance of inner conductor of coaxial line.

3. Resistance of shorting plane at end of line.

4. Resistance of electrodes.

In Table I are tabulated the results of calculations for 3 cavities, all copper at

25 0 C, inner conductor and electrode face of Pt at 25 0 C, and the same at 16000 C. The

measured value if Q for the copper cavity incluaes the contact los3es of the spring

fingers joint, coupling losses to generator and detector, and dielectric loss in the
heat-sihielded material; the 25 0 C, I00-MHz value is 4350. Figure 5 shows the equip-

ment used for determining Q by the frequency variation nethcJd.

Table 1. Losses ia reentrant cavity at 100 MHz, C. - 33.9 pf.

I ~ I
Conductors P.1 R2 R3 R4 Q

Copper, 25 0 C 0.22 0.92 2.61 0.10 6100

Part Cu, part Pt, 25 0 C 0,22 2.27 2,61 0.51 4175

" " 16000 C 0,22 6.00 2.61 1.34 2305

Copper, 25 C 0.43 1.79 3.20 0.26 6400

At 150 eHz C= 14.6 pf.

4
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SS lZr 2 03 tube

w J \Heater
Tungsten wire leads
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4contuct f ingers

(a)
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(c) (d)

Fig. 4. Rcentrant cavity; (a) cross section; (b) photograph; (c) symmetry

plane; (d) equivalent circuit of reentrant cavity.
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Cavity

K: ]

L-~~~~~ .... ... ...........

Frequency Fi. 5.
meter

HP 524C Equipmea.t for measurcemnt -f Q of
with reentrant cavity.

525A plug-in

I~euionant;-C~i.I.v leLthod for Soft materials

Or u:-u i! procedure for measuring materials above lOOO0 C has been to formt a

.dicl~ctric-ti3Aud ca-vity of thu sample by wr&pping it with Pt or Pt-Rh foil and

wJt sapl inie (c fiise:deecri-ile

ickontainer a.. --

S"'" ' 1 b)

," ~ I I iF I ,! "Ii

I4

I i..L, ',.•l*;-tu:*mtur aturc pre~ssure welding of resonant cavity; (a) foil formed on
:%r:dtul, tL:o a--•adr . Faces are welded by hot-pressing; (b) geldi•ng of
fI~cŽ:Z:-; by hot- rc:i.•!ng withi sample inside; (c:) finished dielectric-fil].ed
c;,vity;. (i) c'a Ltv lfl gr~phite contdine~r a,< used during measurements.



wgeldlng tche foil by hot-pressing against the sample 'aces. An alternate aiethod

t- to make L•o flanged cups as shown in Fig. 6 using graphite plunger and die.

With the samiple In the cups, the rims are hot-pressed together. As usual, graphite

cups surrouad the tidmple during me isurement. -

90-GCiz Equipment

T'I.s bridge equipment. s- originally built, was intended for use with

relaatvely thin samples (<1 cm) and small diameter (5/8 inch), with an absorbing

tube surrounding the sample. Measurements on fused silica and pyrolytic graphite

have not yielded measurable loss values. Longer samples showed attenuation which

varied depending on the absorber; this indicates the beams of eaergy are nat

narrow enough for long samples. Metallic tubes were substituted but have not been

fully evaluated uo find minimum satisfactory diameter and length combinations.



PROGRAMMING

Computation Of K•, K"' in Standing-Wave Measurements

The computation procedure for covered samples less than 1.4 radians long

and mounted over a quarter wavelength in coaxial line has been previously given. 6 )

The program has been developed for any length of sample in hollow wr.veguide with

TE mode, Thu same program may be used for a sample without cover (by settIng the

2constants Ki and K2 equal to zero) and with coaxial line [by setting (/X ) equal.
Cto zero], The input data consist of node width with sample-in corrected for loss

in air-filled section of line (DS), the node position with sample-in (SN) and the

node position with sample out (AN). The value of 2oX lA in the program is written

27T[XE - AN + SN(I)]/LW.

There are three common ways of taking the sample-out node position:

(1) Sample and cover are both removed, so empty holder is used. Then XE

-(02 4 D3), where D2 and D3 are the thickness of cover and sample, respectively.

(2) Sample is removed, cover is left in same position. Then XE is the

calculated value of X with cover and empty sample space:

X -1tan[KI - tan(2rD3/X) ]XE = tan 1 + K2 tan(2wD3/A) "

(3) Sample holder (in which the top of the cover is located a distance

from the top of the holder) is removed and replaced by a shorting plane. Then

XE = dh.

When the sample over quarter wavelength holder is used as in the previous

program,

St-i cot(2wD3/X) + Ki
XE 2- tan [1 - K2 cot(2wD3/X)J

In the programs and in the above e:p.ressions:

X =LW = wavelength in air-filled section of waveguide [hollow

(TE modes) or coax (TE mode)],

FC
C

W = 1 + FC

KI - - tan[-7D (K1W -FC) 1/2]

V W -FC)1/

28



K2 ( FC) 112 tan (K2W FC) -1/2

K3

Loss-W in the cover arc neglected but the program can be readily changed to include

these losses if necessary. The wall losses in sample-filled secti-In :r" included

in the results as computed. They are readily subtracted at the end of the computa-

tion.
6 )

9
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PR0 GRAŽq I

THIN COVERI'D SA1P LE (<I..4 radians) OVER QUARTER WAVELENCTII

IN HOLLO" UUIDE

FORTRAN IV G LEVEL I MAIN DATE 71115 11/54/M3

01PnI INTEGER*4 IJ,KtNNX
1002 REAL*A8 K ,K2,K3,Y.XE,AN.SNLW.DXDSDAtX , AA2,02, ZI4REtv7 141 M
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3COSINEFC,WZ'4.ylTAHA,TANR*P!1,PI 12ZR3,ONF,STrcP(4)/I,.n-2 1o -3,

41. 0-4,1.D-5/,NDO,Ff21/ IDq_00 -10e
n0n3 COMPLEX*16 Z1,Z2,Z3,Z4,Z5,Z6, Z7,Z8,ZQ,Zln,ZII,1ZZ,ZI3,1Z148,1Z41,

2ZI4.Z12NEW,712RE.7121MZI2SQGH, Z15,Z2AZV4NEZjrIE
ln04 REAL#8 SILLYI2I,FAKE(2).FiJN(2
)nf=; FOUIVALENCE tSILLY(I),ZlIIIFAKE( II,Z15),It)N(1),zI2so)
"l0n6 OIMENSION DS(In ,SN(Il IDATE(181
0007 NAMEL IST/IN/DSSN.NX/C0NST/DA,AN,XE,K1,K2,K3,FCv4,LW/u1JT/KlK2,

2K3,LW/0UT2/Zl .72,Z4,Z9,A, B
0008 200 FORMAT(X,tIPA4I
non( 77 REA0(5,2fltEND=RRI DATE
0010 201 FORMAT{lH1,29X,18A4)
011 WRITE(6,2nll OATE

On12 READ(5,IN)
01)3 READ( 5,CCNST)
0014 Wf:ITE(6, INI

0015. WRITE(6,CONSTI
"l016 lO0 F3RMST(lHt,5X,2HNS,10X.2HDS,11X2tHK1.IIX,2HK2,lX,3HTANt2)X,3HZ1,

231X,3HZ14//)
0017 WRITE (6l1nloI
onl8 ZONE=I,.Dn,•.D.0
0019 ZDONE= (0)*M*1. DO)
0020 Plt=31416.D-4
0,121 P112=62832.n-4
0n22 ZRO=O. DO
I023 ONE=1.DO

0024 00 1) IzI.NX
1025 IF(SN(II.EO.ANJ GO TO 10
0^26 Y=P112*(XE-AN4-SNI )l/LW
0027 BX=DS( I-DA
1028 ' IFI'DX*LE.ZqOI GO TO 10
ln2q COSIN E=DCnSI{P II*O)XILW I"2

1030 X=DSIN(!Pl *DX/LWI/DSORTI2.DO-COSINE)
0031 Y1 =P.TAN( Y)
003) ZI=Z30NE*YI
0033 Z2A=ZONE*X
0034 Z2=Z2A-ZI
0035 Z3=ZONE-Z2A*Zl
0036 Z4=Z2/Z3
n037 Z5=ZOONE*K1
')n13R Z6=Z4+Z5
0039 17=Z )ONE*K ?
")?40 Z8=ZONF+Z4*Z7
0041 Z9=Z8/Z6
l042 ZIO=ZOONE/K3
0043 Zlt=ZIv*Z9
n044 ZIIRE=SILLY(IU
n045 Z11JIM=SILLY(2)
0046 ZI'SO=C0SQRT( Zl1I l,•D3.D0)*1Zl**Z)
0047 4=F1N ( I I
0048 R=FUN(I2)
0049 160 TAHA=CTANHIA)
0050 TANR=OTAN(B t
f) ItS A2= TAHAm ( .N ÷T ANB•"• Z I { NE÷TAHAe*e 2*TA4BOe2 |

0n52 R2=TANB*tflNE-TAHAt'*2)/(ONE4TAHAe*2*TANB*e2)
00153 Z 14RE =AkA?-B4RA.

A054 7j4IM=A*H'l+!*A2
0I55 E. rP£I =[)SORT ( I Z14RF-Z I I RE 1**2 +( 114 Im-Z 1114) **21
0056 03 4"') K=1,4
0057 TAHA=UTANH( 'k)
00'iR DO Y0,, J=I2
0059
l0060 401 RCLO=fB
,1061 Z1410n=Zl41PM

016? 714ROD=Z14RE
"0n6" EROLODERRORI
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l'RUCR '- I (cont.)

"no') (ANS z OT N EP.N , I's
Q-44P''r I- P4ETAN9**Z),g 3)NE*TA$IA**2*TA',JB**Z)
"'2"TANt0 (P4E-TAAw•")I /( ]NFT AH4**2*TA3C.*4k21

7 14. 1 M=zA•' • 2 +. li
""''" F{ R 0}p 0 = 0 S oR T ! {I 4 RE -Z I I RE k * 2÷ + l• -114 1 1 ) H 6 2 1

IF([i, RORI.LE.EIplLop GO TO 4nl
1~l7 114 1 14 [--Z 1 4 1 nD

1Z14RE=Z 14Rr) C
rr74 i=RILD

E RROR 1 =FRflLo
r 'CNTI NUE

11 V7Y T A TANr =f)T Ah I'l

r T• T. M 78- ( J=L.,2
t•7 q W E =fI NJ F+STT P (K l*(JD

r,)Rf)4n? AOLD=A
n 81 ZI•4RODZ!4RE

10 r, 114100=Z141M
")nq3 rJ-)_L)=ER P OP. l

"• T} ,r-Af = OT A%'H 1 A
InR6 •A2=7IA+h' I fNE÷TAN *') I ( NE+TAt4A**?'TANf4*4 )
11•87 q2= TANB•qNF- T.HA' 2)/(9NE+TAHA**2*TA4B6*2)

loapZ 14RE =A ,A?2-R*9R '
nVIR9 ? 14•1 M = A A5+ H 0A

Fkct-)Rl=OMIORT( I Z14Rr-ZI IRE i**2+1 Z14I M-Z 1114). *2 1
l F(ERROl7I.LF,,qOL 1) 1O TO 4'12

ni)7 ?7 14RE=Z 14001)
1^03 1I41M=ZI4 19n
"In94 A:AOLO
"1`195 F-ZR OR I =FP fLr)
•7,1 "• 96 7fl C)NTINIJE

W. IF(IFI2PRCOR.LF.1.0-61 fO TO 450
}) qR 4nn CINT I NUE
[,( ge) 451 ZI IP.F= ONE-*- A

'• I r)'• 71 IM=IOCNE3B

7I?1"NW=(ZI2REZ12IMl**2

n 1-•G= 19FJ FC
Ql 4 H= 70NE W'W

915 or)1 :5=G+ Z131 /H

'li's714R=!(VNE*Zl4RA
'1lZF l14 I = ZJJNr:* 141\4

hi~g 1!4:ZI4R+7I41
€I ne '4tE =FAK E ( I )

.,,In AIA4=-FAKE(2)
"el 1 T4,4=4t I Ml/Rr

"NI12 3'1) F3IMAT( ?XF*.4.5X.F7,4,5X.FQ,'ASX,,f9. 3,5XFR.4,SXE13.6,3X,F13.',
?SXEI 3.6,ol, gl3l.S)

' 13 4P.I T (16 , 3fln S N I , S( ) R EoA 14.T A 4pI I, 4

"1114 4. RI TE 16,'7UT2 1

i I1S I I r(JNTI NIJE
'116 r-m T) 77
"117 H 8 CALL EXIT

"118 FNr)

TYPICAL PRINT-OUT

NS DS KI KZ TAN

O.625C O.C700 30.705 4.965 O01b17
0.6310 0.0710 29.533 4.894 O t657

-U.2717030-31 0.4506940-02 -0.271707D-01 0.4506930-02
-0.261066D-01 0.4439130-02 -0.2610690-01 6.4439150-02

cour
K I =-O. " 131 899'99999 ,K2= -1.198499999999999 ,K3m 46.99499999999999

,L W- 4.499999999999999
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I) -; . AL d ~ JA. F I "~ -:

f 1`NWI ,AN 1V C I t VtI L M3 MAIN DATE k- 112 17/171,.4

L - - ! YfrFk44 .J.PK.N.NX
A1 2 RFAI.0 KI .K?.K3.Y.XE.AN.SN.LW.DO.OS.DA.XA.B.A2.82. 14RE.It41 P.

2W)LD. ZI410). 714ROD.ERRORI.EROLD. AOLD-AIM. RE. TAM. i1RE. Z 111M.wE.
:Cn5w TNF.rC.U.WM.YI.TAHA.TANB.PII.PI12.ZRO.ONE.STEP(221/U.IDt).5.C 2.
4?. )-'.1.D-2.5.O-3.2. D-3. . 5-3.5.D-4..2.0-4. l.D-4.5.V-5.2. 0-5. 1.O-5.
'5° 0-6. 7..0-6.1 ° -6. 1.0-7.1. 0-8..0-9.1D.0lo-in • 1.0-11 .1.0D-12 .ND8.
&F (2 ) /1.O0-.-I.DC/ SOLD

S2114.h112?EW.Zl2RE.1121M.Z1I5O.Gdl.t115.12A.ZONE.7OONE
{)6eJG REAl q SIILY(2 1,FAKE{21

On .r5 f:Ot17VALENCE |SILLYtl).Zil1.( !-AKE(IJ.115)

(I) ,IMEN'iION SI56i.StN(56).N456 .DATE(18)
(16 .17 t4AMEL IST/ IN/`D$.SN.N. NK/Ca3NSI/•A. ANi.E. KI.KZ. K3.FC.W. LW/OUIT/A,

2B. t]4RE. Z141M.K.J. ERRORI.KOUNT.WE
rr0.A ?03 FOrZ;-AT fI X. 18A4 I
Niong 77 PEA0I5,?nC',•Nn=1;8 DATE
Ar-ln 201 FORMATf1HI ,2OXI•A4)

" ~ D I'fl IWRITF{6.2(,Ii DATE

Wý14 WRITF16. INI
00 :.f~5 WR ITF (6.CfONST I
w. 'Ib I W) I FORMAT|!H3.5X.2ýINS.6X.2HDS.6X.lHN.SX.2HKltgX.2HK2.9X.3HTAN.

218X. 3H.11 ,28X.314?14//i

• (•021 P I I2 -,.2832.D-4
•1't7 7 RO-fl.o0(1

0n73 ONE=I.0r.
0n24 DO 10 I=I.NX

.FESN4II.EO.ANI GO TO 16
01>6 Y=PI 2wIXE-ANISN4 I)1/LW
0027 fl.=nS(1)-DA
f•, 2R ~1-1 X.LE.ZROI GO TO 10
P(O?9 r. fA I NF= CfOS( P I I* XI/LW"'1,2
Ori'3n X-DSIN(P!I*DX/LWI/DSORT(2.DD-0OSINE)
Anil• Y YI =- OT ANIY 1

0(•32 11 - I On NF* YI

D0133 72A 7.NE*X
0!.3 4 72=Z2&-Z1
0035 73'-ZONF-12A*71

003 7 P',- IFNE KI

0~1A 16-Z4+75
0039 T7=ZOONE*K2
004f) Ze=1ONE. 4'"Z7
rjn4l 719Z6/ZR
Cn4? 110 =/3ONE* t -K3 )
i •,3 T11=Zl07 (9
0044 IlIRE=SILLY(l)
0n711 7114MN=SIL YI2 Y
0046 7M=()SRTt llRE**2+ZlP4**2l
11647 IF(NPIt .EO. 1) GO TO 141
0044 TF(N(Il .GE. 21 GO TO 142
004 141 TF(7M.LEF.OE.AND.hZ1RE.GE.1ROl GO TO 150
P0n5 IFIIM.tF.OIE.AND.Z1IRE.LT.ZROI GO TO 151
n0'51 rF ( m.r G . oNE.AND. 11 IRE.GE.ZRO I GO TO 152
,0052 IFfH.rT.ONF.AND.Z1IIRE.LT.ZROI GO TO 153
"31115'1 147 1F(TM.LF.ONE.AND.ZI1PE.GE.ZPO1 GO TO 170
f1054 IFfITH.LE.ONE.AND..'1IRE.LTeZROI GO TO 171
(1OS5 IF(ZM.rT.CNE.AND.711RE.GE.7RO) GO TO 172
0096 tF17o4.GT.oON[.AND.hI1RE.LT.ZROl SO TOl 173
00157 150 A=ONE -
0059 A-42. tU- I.r) X/LW

050 C.13 fo 161
C0~,' 151 h1-?, 0 - I

:n"I A -2 l)013X/tW
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i1f64 A.6.fli*0X/LW
0065 CO TO 160
0066 153 R=18.n-1
0063_ -A=OX/IW
0 C. f C8 GO TO 160

n6(6 170 Nn8.NIII
0070 =t N0o8-nNF )OPT 1+7854. D-4
0071 6=4.O'"*rx/LW

n(7, COn TO' 165
,0f7 171 NO8:Nl1
0074 R=NnsPP!I-7854.fl-4
n075 A=4.n"%*Ox/LW

0076 G.O Tn 16C
0f77 172 NI8=N(I
n078 1=f 2. rf,-tNcR-1. Dnl s157C 8.0-4-.1.0-11NOB

0679 A =0X/LW
nf.RO GO TO 16C

r-q 1. 
0 NOR4N3 K1,

'%082 R=( I .1DION[8-1. D01 *15708. D-4+ I.')- 1/ND8
r-OR3 A=I')/LW

08.R6 TAHA=I)TANH(A)
nicR s TANA:DTANI B)
nbR6 A2=T AHA* ! NF +T".NR**2 |/ (NE+ TAHAO*=20TANB,*2)
01187 R 2- TANS• ( ONE -T AHAt*2 I /I | OHFTAHtAO*2*T At.g•,t"! I
0bRR 7 14R E= Ik*A 2+B#R21/IIA**Z+R*O21I
0 08a9 ? 141 •= !A*R 2-B* A2MlI|A**t2 ÷6**2
00"q I:RRnRI=OfiORT ( IZ14RE-ZIIR E ; r2+ (Zlt• t- ZlINIIMI*2 )
nl<)l nn 40"1 K=1.22
nolg 7 S3OL=STF P( K1
0119"3 TAHA=OTa NH| A

0nq4 Of 60n J=1.2
C09qs 420 WE=,IN(+STEPIK I*F(J
nbg6 KOUNT=O

4ri KnfUNT-•-TjnT'. 0I9t 1FtKO U3T.GT,131 GO To 411

Mif.0 411 STFP(K)=ST(P(K?* 61l.f0
nln1 ifn TO 470
010l2 425 RrLrL=

nini 7?14R100- 714 1 ̀0 16t4 71 4*R OO= 11 4RE

n10; FROI. f)=FRRnR
nil,&t B=R*WE

011n7 TAAr',0TANI R)
r II A 2=TeN.h*(,NFsTANR**2I/(ONE+TAHAev24&TAN8e•**I
0109 42.TAN,1*(DNF-IA4A**2)/(fONE•TAHAO*2*TANBe*2m
011I /1i4RF=gi.r2.Be#*A2I I'A**2+B*O2)
0111 %*A•4- ••2-R'0A2),f | A%*2+f8*l,2

(112 FPRfR1=DSOQTI ( :I4RE-L 1a;rEI*i2+I Z14 IM-llIIM)0*21
n113 [FERORI.LE.ER, LO) GO TO 4,1
0114 114[M=?14WOD
Ol5 1I4.90=Z14ROn

0)111' R~hr]Lf
9117 FRRIRIsFROLD
1116 STFP(Ki|Oin
D, I 6 C., rrNT!NUF
012P TANB=OTAN(R)

t121 no 71o) J=1.2
0l172 421 WE=ONE+STEP(K1*F(J1
n121 KCIJNT=C
n124 46 6 KOIINT=K I.UNN1÷I
'1127 IFIKOI1NT.CGT.11, GO TO 412
0 126 GO TO 428
9127 412 STEP(KI=STFP(K Ic.ODC,

012A (;n TO 421
f129 428 AOL6-A
013" 7141fl)=Z 14RF

1l 31 14 ! OO71416
r,132 c:Rr)L.D=F RRpI•I

r17A i A=A*WE
"1144 TAIIA=OTANM (A1

A11,,. AHA*I ONE + TANS** 2 I/(ONE+ T AHAO#2OfrANs•*• I
" l 2T ANA* ( *O F A-T AtIA*02 If; ON E+T8APA**2 TANFk 2 |

'r137 Z•14k'4'- .•*R2-B3*A2 )IA**0**2p

"lIV FPROIz=OlSORT I (714RE-Z11REI1*24- Z141M-Z111J•I *21

14



PROGRLA.M 1 (Cont.)

0140 jF(ERRORI. EtEEROLOI GO.TO432
3141 71I4RF-Z14RO0
M4•2 /14104=71 I.W 40141 _ A-AOLD, 4

0144 FRRORI-FROLf)
1%145 STEP(KI=SOLO

M46 700 CONTINUE
0147 IFIERRORILE.1.D-61 GO TO 450
0148 400 CONTINUE
0149 453 1I2RE=ZONE*A
015t h12104=Z ONE* B
0151 Z12NEWw(Z12•EZI21M)**2
515? 1Z3=-112NEW*K3**2
0153 G=ZONE*FC
0154 H=7ONE*W
0155 715=(G+Z131/H
0156 Z14R=-ONE$1n4RE
n157 Z14•-?1rONE*Z14IM
0158 Z14=Zl4R4ZI4I
0159 RF.FAKE(I)
016( AIMU-FAKE(21
n161 TAN.AIM/RE
0162 3GO FORMAT(2XF7.4T 3X.F7.4.3X.12.3X*F?.4*3X.F9.6.3XtF9.6.3XtE13.6,

22X.El3.6.3X#E13.692X9E13o6)
0163 WRITE(G.3rO) SN(I).OS(1INII IRE.AIP4.TAM.ZllZI4
0164 10 CONTINUE
0165 GO TO 77
0166 88 CALL EXIT
0167 END

TWPICAL PRINT-OUT

NS OS N KI K2 TAN

7.(1000 A.0100 1 11471 m.*02666 0.0D2324

7.O005 1.000 1 1.1138 0.453739 0.437376

6.5000 0.0100l 1 1.7884 0.'04175 DeC02335

6.5100 1C313: 1 1.5719 0.650037 0.413534

6.0000 00100 1 3.7139 0.011904 0.003704

6.0000 1.0200 1 2.0000 1.525029 0.762.20
7.5000 0.0100 2 6.9674 0.001903 0.9C0273

7.5000 1.0030 2 6.9787 0.325143 0.046591

7.0200 Cf 130 2 7.3665 0.002279 0.000309

7.0001 1.0000 2 7.2929 0.375678 0.051513

6.5000 0.0130 2 8.0271 e.005175 0.00C645

A.50n0 1.0000 2 7.6436 0.681794 0.089198

6000(0 0.01y0 2 11.0249 0.039429 0.O03576
6.0000 1.0330 2 7.4015 1.728636 0.233552

Zil Z14

0.2414320 Cl -0.209141D-01 0.2414320 01 -0.2091410-01
0.8459020 00 -0.9386930 00 0.8459020 00 -0.9386930 00

-0.1543920 01 -0.205383D-01 -0.154392D 01 -0.2053830-01

0.3352290-02 -0.9350780 00 0,3352200-02 -0.935078D 00
0.1034650 00 -0.2770130-02 -0.1034650 00 -0.2770130-02
0.7152890-01 -0.3936980 00 0.7152920-01 -0@3936980 00

0.9572150 00 -0.2783620-02 0,957216D 00 -0.2783630-C2
0.7807970 00 -0.3949790 00 0.78C7970 00 -0.3949790 00

0.2414320 01 -0.209141D-01 0.241432r 01 -0.2091410-01
0.8459020 00 -Gc9386930 00 0.8459020 00 -0.9386940 I0

-0.1543920 01 -0s2053830-01 -0.15#392D U1 -0.2053830-01

0.3352290-02 -G.9350780 00 0.33.1370-02 -0.9•5078D 00
-0.1334650 00 -0.2770130-02 -0,1034660 00 -0.2770140-02
0.7152890-01 -C.3936980 00 0.7152880-01 -0.3936980 00
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INDEX TO PIIELECTRIC DATA

Page

1. INORGANIC COMPOUNDS 4-

Alhminum oxide, single crystal, Union Carbide 17

"multicrystalline, G.E. A-923 17

A-1004 17

Boron nitrie., hot-preszed, Battelle Memorial ITst.!LuL 18

Magnesium aluminate (spinel), single crystal, Union Carbide 18
Silica slipcast, Dynasil 18

Silica fiber, Philco Ford 18,19

Silica fiber phosphate, Whittaker Corp. 20

Silicon nitride, Admiralty Materials Lab. 20

I. MISCELLANEOUS INORGANICS AND MIXTURES

Concrete pavement, California Highway Department 21

Asphalt pavement, ' " 21

III. ORGANIC COMPOUNDS

(Listed acc•-'ding to source)

Budd, copper-clad laminate 22,23

Carborundum, EKONOL (polyester resin) 23

Dodge Industries, FLUORGLAS E 650/2-1200 24

E.I. du Pont de Nemours, Nonex honeycombs 24

IV. LIQUIDS

(Listed according to source)

1
Hercules Inc., VUL-CUP, a,a -bis(t-butyl peroxy) diidopropybenzene 25

DI-CUP, dicumyl peroxide 25
Pennwalt Corp., Lucidol Div., Lucidol, t-butyl perbenzoate 25

Lupersol 130, 2,5-dimre:thyl-2,5-di(t-butylperoxy) hexyne-3 25
U.S. Peroxygen Div., Argus Chemical Corp., USP 333 26

Wallace & Tiernan Inc., Lupersol 10%., 2,5-dimethyl-2,5-di(t-butylperoxy)hexane 26

16



I. INORGANIC COMPOUNDS

Aluminum oxide, single crystal Union Carbide, Electronics Div.

Sapphire Al 2 0 3

03Density at 25 C 3.9840 g/cm

Freq. 3.45 - 3.33 GHz

E C
0

T°C K tan 6
25 9.39 <.0001

80 9.41 <.0001

240 9.49 <.0001

377 9.62. <.0001

526 9.83 <.0001

617 9.95 <.0001

713 10.08 -. 00015

Aluminum oxide, multicrystalline General Electric Company
A-923 (97% Al203) A-1004 (94% -112 0 3 )

Density 3.740 g!cm3  Density 3.649 g/cm3

Freq. 3.74 - 3.37 0liz Freq. 3.80 - 3.61 GHz

T0 C K tan 6 T0 C K tan

25 9.31 .00039 25 9.02 .00076

99 9.41 .00042 100 9.11 .00078

184 9.58 .00053 200 9.26 .00081

281 9.72 .00070 300 9.40 .00093

356 9.84 .00090 400 9.55 .00109

430 9.96 .00112 500 9.69 .00128

562 10,17 .00160 600 9.84 .00177

705 10.42 .00215 650 9.92 .00335

800 10.63 .00265 700 10.00 .0093

903 10.86 .0033

973 i0.98 .0040

1025 11.17 .0045

1050 11.22 .0050

1109 i. .38 .0060

1132 11.41 .010
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3oren nitride Battelle Memorial Institute
(hot-pressed, after vacuum treatment)

Density in g/cm3

8.52 GHz, 25 0 C -

Sample Density K tan 6

115H7 - 4.37 .00030

118H7 2.132 4.87 .00025

I
Magnesium aluminate (spinel) MgOA1 2 03  Union Carbide, Electronics Div.

Single crystal

Density at 250 C - 3.57389 g/cm 3

i'req. 4.23 - 4.07 GHz

T0C K + 02 tan 6
25 8.28 .0001

150 8.42 .0002

231 8.54 .0002
297 8.64 .0003
421 8.85 .0010

455 8.91 .0025

Silica, slip-cast Dynasil Corp. of America

8.6 CHz, 25 0 C
Sample Density (g/cm3 ) K tan 6
DSCX-3 1.970 3.395 .00058
DSCX-8E 2.038 3.513 .00054

Silica fiber composites Philco-Ford Corp., Aeronutronic Div.

Sample !-VII-O-M-l, 25°C (Hz) 10 10 10 7  7.5xi07  1.8x10 8

As received, K 2.779 2.777 2.777 2.775 2.772

density 1.53b g/cm3 104 tan 6 4.6 8.3 6.4 13.4 17

After 18 hrs. K 2.77 2.77 2.77
vacuum oven 80 0 C 104 tan 6 4.6 9.1 11.5*

Extrapolated values.
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Silica fiber composites (cont.) Philco-Ford Corp., Aeronutronic Div.

Sample l-XB-o-0.8 5

Density 1.653 g/cm3  
8.52 GIz

T T°C K -an 6

As received, Face 1 up 25 2.919 .0062

Face 2 up 25 2.956 .0064

After vacuum oven

80 0 C, 10 days

Face 2 up 25 2.938 .00162

Face I up 25 2.895 .00169

115 2.89 .0012

246 2.89 .0006

357 2.90 .0005

438 .0006

535 .0008

608 .0010

710 .0014

805 .0020

908 .0026

972 .0028

1000 * .0031"

25 2.89 .00042

Extrapolated values.
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,';•i!Ca 1ib•.:, !:, Luiiiinujj ph-osphate matrix Whitttker Corp,

8.52 G!1z
______ T C K tan 6 Density (c/cm 3)

1, as reccivi.d 25 2.73 .0051 1.547

25 2.70 .0060 1.543

2, dried 25 2.68 .0043 (wt. loss .049%)

2, room humidity 25 2.70 .0050

116 2.70 .0050

235 2.71 .0053

410 2.71 .0080

495 2.71 .0i05

580 2.72 .0140

673 2.72 .0177

760 2,72 .0228

,327 2.73 .0265

91f. 2.74 .0315

967 2.7 .038

25 2.71 .0047

4 days at 1200C in vacuum oven.

Silicon nitride ceramic Admiralty Materials LaboratoryF
At 8.52 0Hz, density 2.449 g/cm3

T° 0 tan 6

25 5.54 .0036

170 5.54 .00375

323 5.54 .0040

446 5.55 .00365

586 5.55 .0030

674 5.56 .0050

714 5.57 .0054

864 5.58 .00615

912 5,59 .00630

991 5.63 .00665

509 5.55 .0034

348 5.54 .0040
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Ltc:•.;:,:retc !jaV••::• California 1lighiay DLpzrr tzant.

1 i~Ly 0.1z , 1 10 100
SI Dry r 9.05 7.97 ' c .57

tutý 6 .0946 .0913 - 0739 .05'6
S, K 176.5 69.2 23.5 13.2

tan 6 .822 1.088 .714 .485

Aaphalt pavement 
California Highway Department

';n Ie Dcnýity (z) 105 106 107 108
S Dry K- 4.51 4°34 4.21 4.14

t.a 6 .0280 .0221 .0181 M0198
S Wet K 42.0 17.7 9.03 6.54

tan 6 .875 .638 .444 .233
L Dry 4.79 4.73 4.70 4.61

ran .0187 .0158 .0123 .0121
L h'at K 14.48 9.28 6.65 6.01

tan 6 .368 .280 .190 .104
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III. ORGANIC COMPOUNDS

Copper-clad laminate PEl153 The Budd Co., Polychem Division

E -10 10 3 10 4 105 106 107

---3-terminal, 25 K 2.420
liquid im- tan 6
mersion,
unclad *
Declad t 25 K 2.451

tan 6

3-terminal, 26 K 2.650 2.465 2.438 2.432
clad tan 6 .0945 .0279 .00484 .00093

-195 K 2.416 2.415 2.414 2.411
tan 6 .00030 .00033 .00036 .00022

-54 K 2.433 2.421 2.417 2.413
tan 6 .00042 .00050 .00052 .00031

2-terminal, 25 K 2.495 2.475 2.471 2.469 2.468 2.468
clad, meas. tan 6 .01816 .00307 .00083 .00050 .00055 .00035
12-21-70

3-terminal, 25 K 2.843 2.504 2.457 2.449
clad, 2nd tan 6 .141 .0491 .00811 .00126
sample 96 K 2.486 2.398 2,389 2.384

tan 6 .0708 .01343 .00230 .00050

250 K 2.257 2.240 2.232 2.222
tan 6 .0263 .00568 .00238 .00111

25 K 2.759 2.510 2.459 2.451
tan 6 .0970 .0390 .00748 .00115

2-terminal, -54 K 2.484 2.484 2.484 2.479 2.464 2.456
clad tan 6 .00034 .00044 .00065 .00062 .00059 .00110

-195 K 2.490 2.487 2.485 2.484 2.482 2.470
tan 6 .00029 .00038 .00053 .00028 .00049 .00091

25 K 2.462 - 2.458
tan 6 .00050 - .00033

96 K 2.474 2.464 2.461 2.460 2.458 2.455
tan 6 .01193 .00226 .00084 .00059 .00051, .00068

250 K 2.333 2.319 2.312 2.309 2.298 7.295
tani 6 .01013 .00340 .C0177 .00147 .00097 .00070

25 K 2.422 2.415
tan 6 .00995 .00189

E II

2-terminal, 25 K 2.434 2.533 2.431 2.428 2.416 2.413
unclad tan 6 .0037 .00094 .00061 .00035 .00052 .0005

Refers to sheet stock received without copper.
f Refers to a sample made by mechanically stripping the copper-clad sheet.
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Copper-clad 1:-inutý: I'E1i153 (cont.) The Budd Co., Polychem Division

Resonant-Cavirv M•eaz;u-ioients:

"8.5 ClIz, sample constrained in parallel direction, allowed to expand with

tenwperdtare against a force 30 lb/sq in the perpendicular. dire-ficn. Unclad stock.

h E Thickness

T0 C K tan 6 K tan 6 cm

-194 2.466 .00063 2.420 .00095 1.911

-54 2.437 .00070 2.397 .0C104 1.917

23 2.421 X00091 2.383 .00130 1.924

96 2,396 ,.0. 2.367 .001.47 1.948

250 2.296 .00W2 2.246 .001.85 2.093

Standinv-wave method, 25 C

E rI , nne piece unclad 2.387 .00128

EKONOL (polyester resin) The Carborundum Company

Fiequency, Ilz T0 C K tan 6

102 25 3.21t .00289

103 3.210 .00316

10 3.185 .00336

105 3.168 .00348

10 6  3.156 .00325

107 3.148 .00220

108  3.140 .00215

8.5xi09  3.120 .00281

99 3L11 .0030

155 3.08 .0040

207 3.07 .0061

284 3.04 .0104

350 3.03 .0230

420 3.03 .0230

217 2.99 .0067

25 2.96 .0025

L



IiI

SF L U O ~ b S E' 6 5 0 / 2 - 1 2 0 0S~Dodge ýndu- " " I n, n.•. TFL-fibýýrglas lamminate

Freq., CUqz T°0C tan 6 K tan
-'• tn . 3 2.505 .0014 2 .8447 .0036

4 -195 2.533 .00082 2.896 .00172

Nonex hioneycombs E. 1. du Pont de Memours and Company
At 8.52 GHz

a direction b direction c direction
E ., double-layer E 6i double-layer EII holes

seam seam

Sample Density tan 6 K tan 6 K tan 6
No.

1 1.358 1.0348 .00089 1.0441 .00141 1.0855 .002122.892 1.0519 .00165 1.0669 .00229 1.0951 .00350
3 3.Q38 1.0788 .00176 1.1258 .00326 1.1444 .0041
4 4.039 1.0608 .00187 1.1020 .00278 1.1265 .004',
5 4.124 1.0827 .00274 1.1045 .00359 1.1351 .0046
6 4.259 1.0863 .00197 1.1340 .00382 1.1270 .0045
7 4.701 1,0928 .0A315 1.1115 .00297 1.1455 .0047

5.°603 1.0990 .00205 1.1781 .00468 1.1869 .0065
8 5.603 1.1010 .00330 1,1667 .00628

At 1000C, all other v..lues at 25°C

S2 4



IV. LInUIDS

S- - Hercules Inc.

VUL-CUP DI-CUP

a~a -bis(t-buty1 percoxy) dilsopropylbenzene dicun'v]. Vercyidce

25°C 25°C

Freq., Hz K tan 6 K tan 6

102 2.633 .0011 2.79 .0073

10 .00011 I .00081

104 .000013 .000115

105 105 .000064

10.6 00005 + 2 .00040

1.-8xlO7  2.97 .0032

6x10 9  2.73 .0025

108 2.63 .005 + 2 2.70 .0050

109 2.60 .0206 2.57 .0082

3xlO9  2.56 .0378 2.515 .0078

8.5xi09  2.40 .056 2.495 .0044

0
99 C

109 2.26 .0116

3x10 9  2.24 .0184

Pennualt Corp., Lucidol Div.

Lucidol Lupersol 130

t-butyl perbenzoate 2,5 xnmethyl-2,5-di(t-butylperoxy)hexyne-3

25 C 25 C

Freq., Hz K tan 6 Freq., Hz K tan 6

10 - - 102 2.656 .00123

103 - - 10'3 .000123

104 12.17 .17 1044  .000012

105 32.17 .017 10 5  .000023

106 12.1 .0027 10 6  1 .00012

107 12.0 .0095 107 2.655 .00121

308 11.2 .0044 108 2.65 .0066

109 5.70 .252 109 2.56 .0235

3x10 9  42¢' .337 3xlO9  ).0 .0344

8.5xiO9  3.kA .460 8.5x10 9  2.39 .0505

99 C

2.33 .0076

2.32 .0154



USP 333 U.S. Peroxygen Div-, Argus chemical Corp.

25 C
Freq., Hz K tan 6

102 3.818 - '.0170
103 .00170

10 4  .00017

105 .000027

106 .00021

107 3.81 .00157

108 3.75 .0146

10 3.60 .0842

3x10 9  3.30 .130

8.5x109  2.80 .1735

Lupersol 101 Wallace & Tiernan Inc.

2,5-dimethyl-2,5-di(t-butylperoxy)hexane

25°C

Freq., Hz K tan

42.66 .000088
105 2.66 .000144

10 2.66 .000053

107 2.65 .00049

108 2.64 .0050

109 2.62 .0217

3xlO9  2.58 .0387

8.5xi09  2.41 .057

2.4x101 0  2.26 .045

099 C

109 2.02. .0040

3x10 9  2.02 .0068
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